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A B S T R A C T .  C u r r e n t  a r t i c l e  d e s c r i b e s  a  m a t h e m a t i c a l  m o d e l  f o r  t h r o w i n g  b u r n i n g  w o o d  
m a t e r i a l  o u t  o f  a  m a i n  b o d y  o f  f i r e  w i t h  a  h e l p  o f  w i n d .  A  p r o b l e m  i s  s o l v e d  b y  n u m e r i c a l  
w a y  a n d  i t  i s  g i v e n  s o m e  o f  r e s u l t s ,  w h i c h  a r e  r e c e i v e d  d u r i n g  n u m e r i c a l  e x p e r i m e n t .  
F o r e s t  f i r e s  a r e  t h e  m o s t  s p r e a d  d i s a s t e r s  e s p e c i a l l y  d u r i n g  s u m m e r  m o n t h s  i n  
B u l g a r i a  a n d  i n  m a n y  o t h e r  c o u n t r i e s  w i t h  t e m p e r a t e  c l i m a t e ,  a n d  w i t h  b i g  w o o d  
m a s s i v e .  H u n d r e d  t h o u s a n d  h e c t a r e s  w o o d  a n d  s o w i n g  a r e  b u r n t  d u r i n g  t h i s  s u m m e r  
i n  B u l g a r i a  a n d  V i e t n a m .  
T h e  f i r e s  a r e  r e s u l t s  f r o m  n a t u r a l  f a c t o r s  ( t h u n d e r  s t o r m s ,  h i g h  t e m p e r a t u r e s  
e t c . )  o r  f r o m  h u m a n  c a r e l e s s n e s s  a n d  i r r e s p o n s i b i l i t y .  T h e s e  f i r e s  c a u s e  e n o r m o u s  
p o l l u t i o n  a n d  d a m a g e s .  T h e r e  i s  w i n d  v e r y  o f t e n  i n  m o u n t a i n  c o u n t r y  a n d  t h a t  h e l p s  
s p r e a d i n g  t h e  f i r e s .  T h e  w i n d  r a i s e s  a n d  b r i n g s  t h e  b u r n i n g  b r a n c h e s  o u t  o f  t h e  f i r e  
a n d  v e r y  o f t e n  p u t s  t h e m  o n  b e h i n d  p e o p l e ,  w h o  p u t  o u t  i t ,  t h a t ' s  w h y  s p r i n g  u p  
n e w  f i r e s .  R e p o r t e r s  v e r y  o f t e n  a n n o u n c e  a b o u t  n e w  m a i n  b o d i e s  o f  t h e  f i r e ,  w h i c h  
a r e  s p r i n g  u p  b e h i n d  t h e  f i r e m a n .  
T h e  c u r r e n t  r e s e a r c h  i s  m~de b e c a u s e  o f  t h e  a c t u a l i t y  o f  t h e  p r o b l e m  a n d  b e c a u s e  
o f  t h e  e n o r m o u s  p o l l u t i o n  a n d  d a m a g e s ,  w h i c h  t h e  f i r e  c a u s e s .  
1 .  M a t h e m a t i c a l  m o d e l  
T h e  p r o b l e m  i s  r e d u c e d  t o  a  n o n - i s o t h e r m a l  t w o - p h a s e  t u r b u l e n t  j e t ,  w h i c h  i s  
c r e a t e d  o v e r  t h e  m a i n  b o d y  o f  t h e  f i r e  a n d  g o e s  v e r t i c a l l y  u p  w i t h  i n i t i a l  w
0  
s p e e d  i s  
p r o p o r t i o n a l  t o  t h e  f i r e ' s  p o w e r  w
0  








s ] ;  Q [ k W ]  
i s  t h e  p o w e r  o f  t h e  f i r e .  T h e  s p e e d  o f  t h e  j e t  c a l m s  d o w n  w h e n  i t  g o e s  u p  i n  v e r t i c a l  
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direction [1]: 
kQl/3 
w(z) = (z + 1)1/3 [m/ s) (1.1) 
where k = l.l[m4/ 3 /(kW1/3s)). 
This convective jet has very big kinetic energy and can bring up pieces from 
burning materials. Burning branches, which are brought up by the swift-flowing 
flows, are accepted as second phase of mixtures. It is accepted that the burning 
branches don't change their configurations during their fly until they fall on the 
earth . . 
There is a relative movement around the burning pieces and that's why it can 
not be extinct and it will be a potential source of the next fire. Most of the forests 
are in mountain places, where there is wind. The difference of the temperatures can 
cause wind too. 
The model includes the movement of a piece from admixture (it is famous from 
the literature as Lagrange's method [2), [3]) and the gas flow created by the fire. 
The wind creates second gas flow and this gas flow is directed under definite angle 
towards the burning object. 
The co-ordinate system, which we use, is presented in Fig. 1: the axis x and y 




The mathematical model is made with following assumptions: 
- The power of the fire is constant all over the horizontal field x - y; 
- The height of the fire's main body by axis z direction becomes with translation 
of his main body and the equation (1.1) becomes: 
1.lQl/3 
w(z) = [(z - zo) + 1]1/3 [m/s] (1.2) 
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w h e r e  z
0  
i s  t h e  h e i g h t  o f  t h e  f i r e ' s  m a i n  b o d y  o v e r  t h e  e a r t h ;  
- T h e  w i n d ' s  d i r e c t i o n  i s  a c c e p t e d  a s  t h r e e - d i m e n s i o n a l  v e c t o r  V g  =  V g ( u g ,  v g ,  w g ) ;  
- I t  i s  p o s s i b l e  t o  r e n d e r  a n  a c c o u n t  f o r  w i n d ' s  s t r a t i f i c a t i o n ,  w h i c h  i s  v e r y  b i g  
i n  v e r t i c a l  f i e l d ;  
- T h e  b u r n i n g  b r a n c h  i s  a  c y l i n d e r  w i t h  l e n g t h  f ,  a n d  d i a m e t e r  D P ,  w h i c h  h a v e  
i n f l u e n c e  o n  a e r o - d y n a m i c a l  r e s i s t a n c e  c o e f f i c i e n t  C R  [ 3 ] :  
C R =  7 r ( 0 . 1 2 8  +  1 2 . 8 ) /  R e  
( 1 . 3 )  
w h e r e :  R e =  ( u g  - u m [ O ] )  ·  f . / v ;  u m [ O ]  - v e l o c i t y  o f  t h e  b u r n i n g  b r a n c h  i n  a n  i n i t i a l  
m o m e n t  [  m  /  s ]  ;  f .  - t y p i c a l  s i z e  o f  t h e  b u r n i n g  b r a n c h  [  m ) ;  v  - g a s  v i s c o s i t y  [  m  
2  
/  s ] .  
L a g r a n g e ' s  e q u a t i o n s ,  f o r  a  m o v e m e n t  o f  a  p i e c e  o f  m i x t u r e ,  a r e  f o r m e d  w i t h  
p r e s e n t e d  a b o v e  a s s u m p t i o n s  a n d  c a n  b e  w r i t t e n  a s  f o l l o w s  [ 3 ] ,  [ 4 ] :  
m p  d : :  =  - 0 . 5 C R p
9
S ( u p  - u g ) V ( u P  - u g )
2  
+  ( v p  - v g )
2  
+  ( w p  - w g )
2  
( 1 . 4 )  
m p  d ; ;  =  - 0 . S C R p g S ( v p  - v g ) V ( u p  - u g )
2  
+  ( v p  - v g )
2  
+  ( w p  - w g )
2  
( 1 . 5 )  
d w  f . D  
m p  d /  =  ( p g  - p ) w ( z )
2
T  - m p g  
_ : _  0 . 5 C R p g S (  W p  - w g )  V~( u _ P  _ _ _  u g _ ) _
2  
_ + _ ( _ v P - _ - v - g ) -
2
-. + - (  w - P - _ - w - g ) - 2  ( 1 . 6 )  
w h e r e :  S  - M i d e l ' s  s e c t i o n :  i f  t h e  b u r n i n g  b r a n c h  i s  t a k e n  o u t  h o r i z o n t a l l y :  S  =  
D p  .  f . ;  i f  i t  i s  v e r t i c a l l y :  s  =  (  7 r  .  n ; )  I  4 ;  m p  - T h e  b u r n i n g  b r a n c h e ' s  w e i g h t ,  
m p  =  p p f !. (  7 r  ·  n ; )  /  4 ;  p g  - D e n s i t y  o f  a i r  a t  t h e  s u r r o u n d i n g s  t e m p e r a t u r e ;  p  - D e n s i t y  
o f  a i r  a t  t h e  f i r e  t e m p e r a t u r e ;  D P  - D i a m e t e r  o f  t h e  b u r n i n g  b r a n c h .  
T h e  s y s t e m  o f  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  ( 1 . 4 )  - ; - ( 1 . 6 )  i s  s o l v e d  b y  R u n g e -
K u t a ' s  m e t h o d  w i t h  o u r  o w n  c o m p u t e r  p r o g r a m  a n d  t h e  i n i t i a l  c o n d i t i o n s  a r e  s t r i c t l y  
f o l l o w e d :  
t  =  0  :  u p ( O )  =  0 ,  v p ( O )  =  0 ,  w p ( O )  =  0 .  
2 .  R e s u l t s  f r o m  t h e  n u m e r i c a l  e x p e r i m e n t  
P a r a m e t e r s ,  w h i c h  a r e  c h a n g e d  d u r i n g  t h e  n u m e r i c a l  e x p e r i m e n t ,  a r e :  
- P o w e r  o f  t h e  f i r e  Q :  5 0 ,  1 0 0 ,  1 5 0  k W ;  
- S i z e  o f  t h e  b u r n i n g  w o o d  p i e c e s :  f ,  =  0 . 2  m ;  0 . 3  m ;  0 . 5  m ;  a n d  D p  =  0 . 0 2  m ;  
0 . 0 3 m ;  
- S p e e d  o f  t h e  w i n d :  u
9  




=  0 ) .  
F o r  a l l  c a s e s  i t  i s  a c c e p t e d  t h a t  t h e  t e m p e r a t u r e  i n  t h e  m a i n  b o d y  o f  t h e  f i r e  i s  
T  =  6 7 3  K  a n d  t h e  t e m p e r a t u r e  o f  t h e  e n v i r o n m e n t  o u t  o f  t h e  f i r e  i s  T  =  2 9 3  K  
( T e m p e r a t u r e  e q u a l  t o  2 0 ° C  c a n  b e  c o n s i d e r e d  f o r  n o r m a l  f o r  m o u n t a i n  i n  B u l g a r i a ) .  
I n  a c c o r d a n c e  t o  t h i s  p
9  
a n d  p  w i l l  e q u a l  0 . 5 2 4  a n d  1 . 2 0 5  k g / m
3
,  r e s p e c t i v e l y .  I t  i s  
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necessarily to be said that the input information is arbitrary, the aim of that is to 
be shown the model and the program for its capacity. 
The results of the numerical experiment are shown in fig. 2a-h, for the 5 cases 
with different diameters and lengths of the burning branch and for different velocity 
of the wind. 
The basic conclusions are: 
a) The smaller burning branch are taken further for the same velocity of the 
wind. 
b) The wind helps for carrying away the burning pieces and that's why it is 
possible to burn out a new fire. 
On fig. 2a-c a dependence of the length of the burning branch on the velocity of 
the wind is shown. The wind takes out the burning branch more difficult when it 's 
length is bigger (when f = 0.2 m and u9 = 25 m/s the burning branch is taken out 
on 34 m by axis x, but when f = 0.5 m and u9 = 25 m/s the burning branch is taken 
out on only 22 m by axis x) . 
On fig. 2d-f it is shown that the influence of the wind is much bigger than the 
influence of burning branch's length. When the velocity of the w~nd is higher the 
wind will take out the bur:r:iing branch further and further (when u9 = 10 m/s and 
f = 0.5 m - the burning branch is taken out on 13 m by axis x, but when u9 = 25 m/s 
and f = 0. 5 m - the burning branch is taken out on 22 m by axis x). 
All six figures show that the influence of the wind is bigger than the influence of 
the length of the burning branch. 
Fig. 2a-c: Q = 50kW; DP = 0.03m; f = 0.2m(Fig. 2a), 0.3m(Fig. 2b) and 
0.5 m(Fig. 2c); 
u9 = lOm/s--+ ; u9 = 15m/s--+ ++++++; u9 = 25m/s--+ - - - - - - -
Fig. 2d-f: Q = 50kW; DP = 0.03m; u9 = lOm/s(Fig. 2d), 15m/s(Fig. 2e) and 
25m/s(Fig. 2f) ; 
f, = 0.2m--+ ; f = 0.3m--+ ++++++; f = 0.5m--+ - - - - - - - -
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F i g .  2 g :  Q  =  5 0 k W ;  D P =  0 . 0 2 m ;  f  =  0 . 2 m ;  
u
9  
=  1 0  m / s  - - - +  ;  u
9  
=  1 5  m / s - - - +  + + + + + + ;  u
9  
=  2 5  m / s  - - - +  - - - - - - - -
F i g .  2 h :  f  =  0 . 3  m ;  D P  =  0 . 0 3  m ;  u
9  
=  1 5  m / s ;  
Q  =  l O O k W - - - +  ;  Q  =  l 5 0 k W - - - +  + + + + + + + + +  
O n  f i g .  2 g  i t  i s  s h o w n  t h a t  w h e n  t h e  s i z e s  o f  t h e  p i e c e  a r e £  =  0 . 2  m  a n d  D P  =  
0 . 0 2  m  t h e  i n f l u e n c e  o f  t h e  w i n d  i s  e n o r m o u s ,  i . e .  w h e n  u
9  
=  2 5  m / s  a n d  t h e  b u r n i n g  
b r a r i c h  i s  w i t h  s u c h  s i z e  - i t  i s  t a k e n  o u t  o n  7 0  m  b y  a x i s  x .  
A l l  f i g u r e s  b y  n o w  s h o w  t h e  i n f l u e n c e  o f  t h e  v e l o c i t y  o f  t h e  w i n d  (  u
9
) ,  t h e  d i a m e t e r  
o f  t h e  b u r n i n g  b r a n c h  ( D P )  a n d  i t s  l e n g t h  ( £ )  - i n f l u e n c e  o n l y  o n  t h e  t r a j e c t o r y  o f  
t h e  p i e c e  b y  a x i s  x .  
O n  f i g .  2 h  t h e  i n f l u e n c e  o f  t h e  p o w e r  o f  t h e  f i r e  (  Q )  o n  t h e  b u r n i n g  b r a n c h ' s  
t r a j e c t o r y  b y  a x i s  z  i s  s h o w n .  W h e n  t h e  s i z e s  o f  t h e  b u r n i n g  b r a n c h  a r e  f  =  0 . 3  m  
1 9 0  
and DP = 0.03 m and Q = 100 kW - the piece is taken out on 20 m by axis z and 
16m by axis x, but when Q = 150kW - the piece is taken out on 40m by axis z 
and 29 m by axis x. 
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On fig. 3 it is shown the case when the main body of the fire is taken up by axis 
z respectively on 3 m and 6 m. 
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Fig. 3: f, = 0.3 m; JJJP = 0.03 m; u9 = 15 m/s; 
zo = 0 m -+ J ; zo = 3 m -+ +++++++++; zo = 6 m -+ - - - - - - - -
3. Conclusion 
We can say that t 
1 
e model in this researching is smaller the model of real fire. 
We accept that the burning is at the level of the earth but trees are tall and very 
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o f t e n  t h e  b e g i n n i n g  o f  t h e  f i r e  i s  a t  s o m e  m e t e r s  f r o m  t h e  e a r t h .  O u r  p r o g r a m  a l l o w s  
t o  p u t  t h e  m a i n  b o d y  o f  t h e  f i r e  a t  s o m e  h e i g h t .  
T h e  p r o b l e m s  f r o m  t h i s  k i n d  c a n  b e  s o l v e d  w i t h  h e l p  o f  t h e  p r o g r a m  a n d  i t  a l l o w s  
t o  c h a n g e  a l l  p a r a m e t e r s ,  w h i c h  i n f l u e n c e  o n  t h i s  u n p l e a s a n t  p h e n o m e n o n .  
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